A set of linked optimization models was used to evaluate planning and operation of the proposed Pamba-Achankovil-Vaippar (PAV) water transfer project in India. The shortage of water for irrigation in the Vaippar basin has led to the need for water import. The project consists of three reservoirs. The models were applied at three levels. At Level-1, the projections of water requirement for irrigation in the Vaippar basin at Reservoir-1 were estimated using an LP model. Level-2 was operated at three sub-levels: the first was the determination of the export requirements from the Pamba basin (Reservoir-2) to the Achankovil basin (Reservoir-1) ; the second was determining the capability of Reservoir-2 to export and sizing of the three reservoirs to meet the above targets was the third sub-level. Integrated reservoir operation and canal irrigation water distribution were done at Level-3. DP models were employed at levels-2 and 3. The linked LP, DP and simulation models were found effective for planning water transfers.
Introduction
Although water import/export has existed for some time, it gained importance recently due to significant increases in water shortages (NCAER 2008) . Interbasin water transfer projects are not new and many countries have implemented such projects in the past (Shah et al. 2008) . Interlinking of rivers is an option to balance the mismatch between water availability and its demand among basins/sub-basins (Jain et al. 2007) . The terms "interlinking of rivers" or "interbasin water transfer" are used for transfer (export/ import) of waters from a water-surplus basin to water deficit-basins, connecting them by means of a man-made canal or tunnel, for example. The connecting canal/tunnel/channel is referred to as a water transfer link. Another term "intra-basin water transfer" is often used if the water is being transferred to a sub-basin within a given basin. The Government of India has proposed a project for mega Indian interlinking of rivers (ILR). This may be the largest infrastructure project ever undertaken in the world (NCAER 2008) . The project aims to transfer water from surplus river basins to reduce water shortages in western and southern India, while controlling floods in the eastern part of India. The PambaAchankovil-Vaippar (PAV) water transfer link under consideration is a part of this mega project.
The river linking projects enable further development of water resources, and reinforce improved and efficient utilization of the available waters throughout the region. However, the costs of the environmental consequences, rehabilitation, social unrest and political issues define constraints that must be addressed. There are numerous feasible alternatives in the planning of such projects. Therefore, planning, operation and scheduling of these systems becomes a formidable task for decision makers. This involves deciding reservoir sizes, fixing annual targets of various water uses (e.g. water supply, irrigation, hydropower) and deriving operation policies for the reservoirs involved.
Numerous models are reported in the literature for irrigation management, sizing reservoir storage capacity and establishing reservoir operation policy, both at the project level and for real-time operations at the project-field levels, using systems analysis techniques. Each model from planning to operation is different and different techniques may be used depending on the nature of the model and availability of data. Different models may be developed for different parts of a complex water resources problem and output from one model may form the input for running another model solution, thereby providing a set of linked optimization models for solving a CONTACT D. Rani deeptinatyan@yahoo.com problem in an integrated manner. In this approach different modelling techniques may be employed, where by each model can handle different planning aspects suited to the particular problem or issue at hand (Srivastava and Awchi 2009 ). Individual models may be either linear or non linear as per the requirement of the corresponding problem option. Further, they may investigate in depth to provide useful outcomes for the individual problem, and analysis of the outcomes would be simple. This may not be easily achievable through the use of a single or a few models, in which analyses may be complex and cumbersome, where so many parameters and their modelled outcomes depend on each other. Linear programming (LP) is the only tool which can be easily applied for solving a very large water resources problem for preliminary screening. Here also the system constraints and the related variables involved are several thousand in number, and even many more. In such cases handling the problem would be a Herculean task and would need some approximations if any of the aspect is nonlinear. Further, these lumped mathematical models are very much suited for preliminary screening purposes, with simulation to then follow later. Efficient irrigation management includes optimal allocation of water for irrigation, optimal cropping pattern for a given land area and scheduling with an objective to maximize economic returns. LP can handle a large number of constraints; therefore, it is a desirable tool in irrigation management models (Rogers and Smith 1970 , Matanga and Mariño 1979 , Chávez-Morales et al. 1987 , Paudyal and Gupta 1990 , Singh et al. 2001 ). Lakshminarayan and Rajagopalan (1977) used an LP model to determine an optimal cropping pattern and optimal release policy from canals and tube wells for maximizing economic returns. Mayya and Prasad (1989) developed an LP model to optimize net profit from an irrigation system and to determine optimal cropping pattern under influence of various parameters in addition to land and water availability. Devi et al. (2005) explored an LP model for optimal water allocation for irrigation in a large complex river basin in India where the basic issue was sharing of river water among three riparian states in an equitable manner. Sethi et al. (2006) developed deterministic linear programming (DLP) and chance-constrained linear programming (CCLP) models for seasonal allocation of land and water resources considering net irrigation water requirement of crops as a stochastic variable.
Dynamic programming (DP), being the most popular optimization technique after LP in reservoir operation studies (Labadie 2004, Rani and Moreira 2010) , has been extensively used to study single and multi-reservoir planning and operation problems in its various forms, in spite of its very serious limitation, i.e. the "curse of dimensionality". A discussion on computational requirements for discrete DP applied to multi-reservoir problems is given in Chow et al. (1975) . Many modified DP algorithms have been specially developed for multi-reservoir operations to reduce computational requirements, including state increment DP introduced by Larson (1968b) , incremental DP (IDP) by Hall et al. (1969) , discrete differential DP (DDDP) applied by Heidari et al. (1971) , DP with successive approximation (DPSA) introduced by Bellman and Dreyfus (1962) , and incremental DP with successive approximations (IDPSA) (Trott and Yeh 1973, Giles and Wunderlich 1981) . DP/DDDP has been preferred by many authors to deal with single/ multi-reservoir operation (Fults and Hancock 1972 , Fults et al. 1976 , Yurtal et al. 2005 . Larson (1968a Larson ( , 1968b developed a DPSA algorithm which decomposes a problem of several state variables into a number of single state variable problems, each of them solved using DP. The DPSA approach has been used in many multi-reservoir operation studies (Shim et al. 2002 , Yi et al. 2003 . Generalized DP software CSUDP (Labadie 1999 ) employs combined DPSA and IDP/ DDDP techniques for multi-reservoir operation. In general, multi-dimensional DP methods essentially require an initial trial trajectory to start the algorithm, and the convergence of the method to global optimum also depends on the chosen initial trial trajectory. However, Kumar and Baliarsingh (2003) proposed a new iterative algorithm, folded DP (FDP), to overcome dimensionality that does not require an initial policy. Another approach to improving DP is to derive structural relationships and to simplify computation of DP. For example, Zhao et al. (2012 Zhao et al. ( , 2014 improved DP based on the monotonic relationship between reservoir storage and optimal release decisions, which is derived from diminishing marginal utility, i.e. concavity of the reservoir utility function (Draper and Lund 2004) . Neuro-DP (Castelletti et al. 2007 ) and stochastic dual DP (SDDP) (Tilmant and Kelman 2007) were proposed to reduce the computational burden of stochastic DP to solve large-scale reservoir operation problems. In neuro-DP, the one-stage optimization problem no longer needs to be convex and the benefit-to-go function is approximated by ANN, while in SDDP the benefit-to-go function is approximated by Bender's cuts. A set of nested models with two DP models, i.e. controlled output DP (CODP) and controlled inventory DP (CIDP), was applied by Srivastava and Awchi (2009) to provide a useful strategy to evaluate the storage, water yield and the operational performance of the multipurpose Mula Reservoir in India.
As a resource allocation approach, DP has also been used in optimal distribution of water through irrigation canal networks. However, only a few applications are reported in the literature. Flynn and Mariño (1987) presented methods for determining optimal design capacities and distribution management of water delivery systems in the presence of probabilistic supplies and known transportation losses. Supply variability and supply levels were shown to have important impacts on the quality of the solutions. Further, they presented a discrete distance model of conveyance systems which was also solved using DP approach . Lohani and Fontane (1988) presented optimal allocation of water distribution subsystem using DP. The study described analysis of the main and lateral canal design for optimal allocation of water that maximizes economic benefits. A case study to schedule irrigations and to determine optimal cropping pattern under adequate and limited water supplies for a farm was conducted by Kodal et al. (1997) , who used LP to determine optimum cropping pattern, while DP was used to determine optimum water distribution for a cooperative. A software package OPTALL, developed at the University of Edinburgh (http://www.civ. ed.ac.uk), can optimize allocation of water resources within complex irrigation distribution networks. The optimization routines are based on quadratic programming with an objective to minimize the crop yield reduction resulting from water stress under the constraints of canal capacities and maintaining equity in supply.
This paper presents a set of linked optimization models for the sizing of reservoirs, development of an optimal inter-basin water transfer policy, joint operation of multi-reservoir system, optimal allocation of water through an irrigation canal and consequent optimal cropping pattern for the proposed PAV link project in the southern part of India. A multi-level approach was adopted for this purpose. This included planning of various aspects at the field and project levels and operation of the system at the project-field level.
The study re-evaluates the proposed crop plan reported in the project report which was determined on the basis of the observed water yield for the 75% water-year dependable flow at the site. An attempt was also made to develop inter-basin water transfer policies among reservoirs which were not clearly defined. The proposed sizes of the reservoirs were also re-estimated and examined for their capabilities to accommodate the water transfers from exporting reservoirs. A crop planning LP model was used for re-estimation of crop plans at different levels. The DP modelling approach was explored for sizing of reservoirs, deriving optimal water import requirements and optimal water transfer policies, joint operation of reservoirs and optimal water allocations at diversions on the irrigation canal network.
Study area
The study area is the proposed Pamba-AchankovilVaippar (PAV) link project in the southern part of India. A feasibility report of the proposed project has been prepared by the National Water Development Agency (NWDA), India. The project is still under consideration. Most of the data required for the study area were available from the feasibility report (NWDA 1995) . The PAV link project consists of three reservoirs (Figs 1 and 2 ). The Punnamedu Reservoir (Reservoir-2) is located at a higher elevation on the River Pamba KalAr, a tributary of the Pamba River in Kerala state. The Reservoir-2 serves downstream mandatory water demands and also acts as an exporting reservoir. The Achankovil KalAr Reservoir (Reservoir-1) is an importing reservoir located on the Achankovil KalAr River, a tributary of the Achankovil River in Kerala state. Reservoir-1 receives surplus water from Reservoir-2 through diversion Tunnel-2 (maximum capacity 28.8 m 3 /s). Reservoir-1 supplies water for irrigation through Tunnel-1 (maximum capacity 72.0 m 3 /s), which delivers water into the main irrigation canal in the Vaippar River basin in Tamilnadu state for the irrigation of a proposed 91 400 ha command area. The Achankovil Reservoir (Reservoir-3) is located on the Achankovil River and serves its downstream mandatory water demands, acting as a pumped storage scheme accommodating water drawn from the upstream Reservoir-1. The proposed live capacities of reservoirs-1, 2 and 3 as per the project report are 185.0, 118.0 and 28.0 million m 3 (10 6 m 3 ), respectively. An amount of 10 × 10 6 m 3 of water is to be drawn daily during 6 hours of peak power generation from Reservoir-1 to Reservoir-3, and is later pumped back to Reservoir-1 during off-peak hours. Small hydro plants are also located downstream of Reservoir-2 and Reservoir-3.
The proposed main canal (Fig. 3) is designed to carry a discharge of 72.0 m 3 /s. Its length is 50.68 km and bed width 13.8 m. The full supply depth of the canal at the initial reach is 3.6 m, with a bed fall of 1 in 10 000. The main canal consists of nine sub-reaches with three diversions on it: (i) the first diversion is a branch canal with a designed discharge capacity of 31.1 m 3 /s that lies at the end of sub-reach 3 at RD (reduced distance) 24.68 km and irrigates an area of 50 192 ha; (ii) the second diversion is proposed at RD 35.3 km at the end of subreach 7, with a discharge capacity of 6.2 m 3 /s to irrigate 9796 ha area; and (iii) the main canal would then run up to RD 50.68 km beyond the second diversion, where a branch canal takes off with 18.5 m 3 /s discharge capacity to cover an area of 31 412 ha for irrigation at the end of subreach 9, and is the third diversion point. These nine sub-reaches were further grouped to form three reaches (numbered I, II and III) in such a way that the diversion points would fall at the ends of reaches I, II and III, respectively (Fig. 3) . That is, the number of reaches was made equal to the number of diversions.
Multi-level modelling approach
The study is mainly categorized into two parts: (i) multi-level design approach for planning of the system, and (ii) integrated operation of the reservoir system. A multi-level approach was followed to study the various aspects of the system at three levels. The first two levels deal with planning at the field and project levels, and the third level deals with operation of the system at the project-field level. At each level various aspects of the system are involved which are different in nature and importance. By adopting a multi-level approach, at each level suitable model/models as per the nature and need of the specific problem are used and lumped in tandem. This way, each individual model would analyse the system in depth within a broader domain of that specific problem with more capability and reliability. In a true sense, the analyst would have a better sense of understanding and an opportunity to analyse the problem in hand. Conversely, combining all the levels into a single model, the above-mentioned purpose may not be fulfilled. The lumped model would also provide answers to various limitations and bounds on different system parameters required. This information is essential for simulation to be more adaptive later for further finer screening.
The aim is to show how various modelling techniques could be lumped together in tandem, in order to widen the scope of their applications to solve optimally large size multi-reservoir, multi-planning aspect problems. To solve such problems, the deterministic approach in lumped modelling applications may be easy to handle. These work out the required solutions in multi-discipline problems, perhaps without much difficulty and may provide the initial guidelines.
Lumped models with a stochastic/uncertainty base, may not be handled with such ease.
The Level-1 optimization is at field level, which is the first phase of planning. The term field refers to a location where water is actually being applied for irrigation. This is synonymous with the word "field" used in "field irrigation water requirement", or else it is meant for agricultural land. A major planning issue is the efficient use of available surface water and deciding an optimal crop plan for Reservoir-1. For this, the LP crop planning model is utilized to find out target releases required from Reservoir-1 to meet water requirements for an optimal crop plan (i.e. re-estimated at Level-1). The model includes surface water, land availability and other resource input constraints to maximize annual net benefits from crops. The study re-evaluates the proposed crop plan and proposed irrigation requirement reported in the project report (NWDA 1995) which were determined on the basis of the observed water yield for the 75% water-year dependable flow at the site and on the climatological approach, respectively. The Level-2 optimization is at the project level, which is the last phase of planning, and is limited to: (i) sizing of the capacities of the three reservoirs and water exporting Tunnel-2, to meet downstream mandatory water demands fully, and obtain 75% annual dependability in irrigation supplies using the DP approach, viz., controlled input DP (CIDP) model; and (ii) to plan a suitable water export policy using the DP-based waterimport (WIDP) model for inter-basin water export from Reservoir-2 to Reservoir-1, which will reduce both irrigation deficits and also the quantity of water being spilled/unutilized. Downstream mandatory water demands will be the highest priority of water use, followed by irrigation and hydropower. The Level-3 optimization is at the project-field level, which deals with integrated operation of the system at the project and field levels. This includes: (i) joint operation of the multi-reservoirs formulating an integrated reservoir operation model (IODP) subject to various water diversion proposals, which is solved using the DPSA approach; (ii) optimal allocation of irrigation water to different users located on the canal network using the canal water distribution DP (WDDP) model; and, finally (iii) devising an optimal crop plan (re-estimated at the Level-3) resulting from optimally distributed water using the crop planning model that is again used at the field level.
Reservoir planning and operation models (CIDP and CODP models at levels-2 and 3, respectively) that are used in the current study are based on the DP approach. Similar models (e.g. CIDP and CODP models) have been used in a study by Srivastava and Awchi (2009) ; the basic difference is in the objective functions used in the present study and in their case, which was minimizing the sum of squared deviations of releases from target demands.
A schematic diagram of the multi-level modelling approach adopted here is shown in Fig. 4 . The figure illustrates how outputs from one model solution are used as inputs for another model's solution, thereby providing a strategy where the optimization models are linked with each other to solve the problem in an integrated manner. The models used at different levels are discussed below. A list of variables used in each model is provided at the end of the paper.
Planning models
3.1.1 Level -1: crop planning model An LP optimization model is formulated for crop planning at Reservoir-1. The objective function is to maximize net returns from crops, subject to the constraints of surface water availability, land availability, crop yield requirement and availability of fertilizers (N, P and K), seeds and manure. Other restrictions are that the total food grain production should not be less than 101 995 metric tons (NWDA 1995) . A minimum crop area constraint is specified for each crop to ensure that the area occupied by a crop does not fall below its area under rain-fed cultivation. The areas proposed under cotton and chillies are limited to 18% and 17% of the annual irrigation, respectively, since yields of these crops have high revenues, and higher area allocations to them may cause reduction in food grain output, which is socially undesirable. The decision variables in the LP model are crop areas and monthly irrigation diversion requirements/releases made from Reservoir-1. The model is as follows:
Objective function:
where In the above equations Z is the annual net return from irrigated agriculture; G T is total annual gross returns from crops; P T is the total annual net expenses on cultivating crops; N is the total number of crops, with i = 1, 2, . . ., 8 for paddy, oilseeds, jowar, vegetables, pulses, bajra, cotton and chillies, respectively; A i is the area under ith crop (in ha); CS i are expenses on seeds for crop i per unit area; CM i are the expenses on manure for crop i per unit area; CF i are the expenses on fertilizers for crop i per unit area; CLH i are the expenses on labour and machinery for crop i per unit area; CI i are expenses on irrigation water charges for crop i per unit area; y i is crop yield (in metric tons, t) from crop i per unit area; and b i is the value of crop produce from crop i per unit yield.
Constraints:
T for i ¼ 1; 3 and 6 and
where W i;t is the gross irrigation requirement of the ith crop during time period t in terms of depth (m); R t is the irrigation water release required (or available) from the reservoir in time period t 10 6 m 3 ); λ i;t is the land use coefficient of the ith crop during time period t; A T is the total area under irrigation per annum (ha) y i T is the total yield required from i (t); F f ;i is the quantity of fertilizer type f required per unit area for crop i (kg/ha) and F f ;T is the total available quantity of fertilizer of type f (kg), where three types of fertilizers have been considered in the model application, i.e. nitrogen, phosphorus and potassium (N, P, K); M i is the quantity of manure required per unit area for the ith crop (t/ha); M T is the total available quantity of manure (t); S i is the quantity of seeds required per unit area for the ith crop (kg/ha); S i;T is the total available quantity of seeds for the ith crop (kg); A i;min is the lower limit on the area under crop i and A i;max is the upper limit on the area under crop i.
3.1.2 Level-2 reservoir planning models 3.1.2.1 Water-import DP (WIDP) model. A backward moving (initial value problem) DP-based waterimport (WIDP) model (or WIM) is formulated (Rani 2004 ) for a reservoir importing water from an exporting reservoir. The objective function is minimizing the cost of water transfers subject to the linear reservoir system constraints. Although here they are assumed to be linear, in general they could be nonlinear functions. The aim is to develop a methodology which could easily be extended to any non linear system; therefore a DP based modelling approach was preferred.
The model is applied on the importing reservoir in an attempt to determine the amount of water to be imported into the reservoir to meet its water demands fully (Rani 2004 , Rani et al. 2005 . The model is analogous to the model described by Haimes (1977, p. 43-48) , which is an inventorybased procurement DP model. His model considers a reservoir and assumes that an unlimited resource (say water) is available at another source; procurement of water is to be made from the unlimited source and demand is to be met at the reservoir fully from the available reservoir storage and procured water. Here, in the WIDP model, the current inflow to the importing reservoir is also additionally available for use apart from the imported water (see Fig. 5 ). Different variables associated with the importing reservoir for the WIDP model development are defined as follows: Q IM r is the amount of water import from the export reservoir/source to the importing reservoir to meet the latter's water target demands fully in r stages to go; g r S r ; Q
r is the cost function for r stages to go; C IM r is the unit cost of water import in r stages to go; S r is the reservoir storage at the beginning of r stages to go; S rÀ1 is the reservoir storage (resulting state) at the end of r stages to go; I r is the total catchment flow into the reservoir in r stages to go; D r is the target demand in r stages to go; Ya is the live or active storage capacity of the reservoir; Sp r is the spill or unutilized water in r stages to go; and EV r is the evaporation losses from the reservoir in r stages to go. Here index r (stages to go), which is the counting of stages (the time periods, i.e. months) retrospectively, is used for backward recursion in DP. The WIDP model can be written as:
Subject to:
where f r S r ð Þ represents a recursive function, the summation of all the minimum values of cost functions, from all r stages to go. (Rani 2004 , Rani et al. 2005 ) is similar to the WIDP model. However, the CIDP model assumes that a limited resource is only available (i.e. the current inflow to the reservoir). Figure 5 illustrates the difference between the two models more clearly. Demand may be met partially/fully at a reservoir depending upon the available storage and the water procured from the current inflow. The CIDP model is used for sizing of reservoirs. Let Q CI r be the controlled inventory, i.e. the amount of water procured from the current inflow at r stages to go; d r is the actual demand which can be met (out of the planned target demand D r ) with the available storage and procured water in r stages to go;
Controlled inventory DP (CIDP) model. The controlled inventory DP (CIDP) model (or CIDPM)
, is the return function for r stages to go; and C CI r is the unit return from the controlled inventory in r stages to go. The backward moving CIDP model is formulated as follows:
where f r S r ð Þ represents the recursive function, the summation of all the maximum values of return functions, from all r stages to go, with a storage level S r during r stages to go.
When all the inflow being procured is insufficient and the planned target demand (D r ) cannot be met, the model gives an infeasible solution, which needs reduction in the target release. In this model, the outflow is nothing but equal to the predecided required target demand release (D r ) in each of the within-year time periods, in other words, is a known quantity beforehand that may result in infeasibility. Therefore, here the aim is to determine whether the available resources could meet this preknown value or not. In case, during the computations, when the amount of net water available (S r + the inflow being procured, EV r ) cannot meet the pre-known demand, it violates the continuity equation. This causes infeasibility in the model solution. Therefore, while computing, when any infeasibility occurs, the (D r ) value is revised to (d r ) within the model runs. This subsequently converts the infeasibility into feasibility, for the computations to continue further. These revised values (d r ) are the model solutions for the releases, and are termed as the demand that could be actually met.
Operation models
3.2.1 Level-3: the reservoir operation and water distribution models 3.2.1.1 Controlled output DP (CODP) model. The controlled output DP (CODP) model (or CODPM) is the conventional DP reservoir operation model, which is used to obtain an initial guess for the DPSA algorithm used for integrated multi-reservoir operation problem in this study. Let Q CO r be the total water released from the reservoir in r stages to go; and
, is the return function for r stages to go, where C CO r is the unit return from the release in r stages to go. The CODP model can be written as follows:
where f r S r ð Þ represents usual recursive function, summation of all maximum values of return functions, from all r stages to go with a storage level S r during r stages to go.
Integrated reservoir operation DP (IODP)
model. An IODP model is formulated as per the diversion policies suggested in the project proposal (Fig. 2) . The model is formulated using the backward moving DP approach, which is basically an extension of the CODP model to a multi-reservoir operation problem. The successive approximation DP (DPSA) approach is used to find the solution, which involves sub-problems formulation using the CODP model. The multi-reservoir operation DP model can be written as follows:
where g r ðS i;r ; Q
C i;r is the return value for Reservoir-i, for r stages to go; and Q CO i;r the releases from Reservoir-i, for r stages to go.
Q CO 1;r ! 0 and 0 S 1;rÀ1 Ya 1 "r (28)
Q CO 2;r ! 0; and 0 S 2;rÀ1 Ya 2 "r (30)
Q CO 3;r ! 0; and 0 S 3;rÀ1 Ya 3 "r (32)
where i ¼ 1 to 3, is the index for Reservoir-i; r is the stages to go (presenting backward recursion); S i;r is the storage at Reservoir-i at the beginning of r stages to go; S i;rÀ1 is the storage at Reservoir-i (resulting state) at end of r stages to go; I i;r is the total catchment flow into Reservoir-i in r stages to go; Q CO i;r is the release (a decision variable) from Reservoir-i including spill in r stages to go; Sp i;r is the spill or unutilized water from Reservoir-i in r stages to go; EV i;r is the evaporation losses from Reservoir-i in r stages to go; Ya i is the live capacity of Reservoir-i; TR 13;r is the water diversion from Reservoir-1 to Reservoir-3 including the spill in r stages to go; TR 21;r is the water exported to Reservoir-1 from Reservoir-2 in r stages to go; TR 31;r is the total water pumped back (diverted) from Reservoir-3 to Reservoir-1 in r stages to go; D 1;r is irrigation demand at Reservoir-1 in r stages to go; D 2;r is the downstream mandatory demands at Reservoir-2 in r stages to go; and D 3;r is the downstream mandatory demands at Reservoir-3 in r stages to go.
3.2.1.3 Canal water distribution DP (WDDP) model. Optimal distribution (allocation) of water released from Reservoir-1 and available at the head of the main canal system to various diversion points on the canal network is important for proper irrigation management. In a canal, losses due to seepage and evaporation also constitute a substantial part of usable water, and reduction of these losses should be given careful attention. For these allocations, an attempt is made to develop a DP model (WDDP) based on resource allocation on the lines of Lohani and Fontane (1988) , with an objective of minimizing the canal losses. The backward DP model for this can be written as follows:
where j is the index used for the various canal reaches for backward recursion; M is the total number of reaches, diversions or users at the canal; g j S j ; O j À Á is the water loss function for j reaches to go; S j is the discharge available at the head of the canal for j reaches to go; O j is the gross discharge allocation for j reaches to go; S maxj is the maximum limit for state variable for j reaches to go; C j is the discharge capacity of the canal for j reaches to go; and Q maxk is the capacity of kth diversion. Here the number of reaches is equal to the number of diversions.
Results and analysis
4.1 Level-1 optimization at the field level 4.1.1 Re-estimation of the crop plan at the Level-1 for irrigation diversion requirements A crop plan for an irrigation project is usually determined by adjusting areas for various crops, such that water required by crops during a year matches the quantum of 75% water-year dependable flow available at the project site. Regulated water released from the reservoir on many occasions does not match with the above irrigation needs. Consideration of the effect of restrictions on additional resources availability (e.g. fertilizers, seeds, labour, etc.) on crop planning is often neglected. The proposed crop plan at Reservoir-1 as given in the project report (NWDA 1995) was determined exclusively on the basis of the food requirements of the population who benefited by the project, and lacked the above considerations. The cropping pattern in this study consists of eight crops, namely paddy, oilseeds, jowar, vegetables (brinjal, ladyfinger and beans), pulses, bajra, cotton and chillies, with the proposed area allocations of 15 234, 7109, 12 187, 15 233, 6093, 15 233, 12 187 and 8124 ha, respectively, and crop yields from these crops under irrigation are 5.39, 1.51, 2.56, 3.0, 0.741, 2.56, 1.66 and 1.51 t per unit cropped area, respectively.
The amount of irrigation water diversion requirements from Reservoir-1 needed for an optimal crop plan under the constraints of various resource availability and with an assumption that the amount of surface water available is unknown, were re-estimated (modified) at Level-1 using a crop planning model. In general, in a crop planning model in the water availability constraints, the amount of water available (R t ) in time period t is usually a known resource. At the planning stage here, the amount of water available is unknown for each time period. Hence, alternatively, projection of the water requirement can be achieved for an optimal crop plan with a crop planning model (Ball and Kelly 2003) at the planning stage. Therefore, the model itself is used to estimate the irrigation water requirement considering water requirement (or availability) (R t ) as a decision variable along with the area allocations. The model maximized net irrigation benefits subject to the constraints of water, land, additional resources and crop bounds based on minimum food requirement. Trial runs were made within the domain of the crop areas defined in the project report (NWDA 1995) .
The extent of quantities available for various additional resource inputs were unknown which required knowing the minimum amount of these resource inputs required for the crops. These quantities were initially obtained from the data available in a handbook of agriculture (ICAR 1997) , and were further estimated with the help of the crop planning model itself. Trial runs of the crop planning model showed that for about 120% of the initial estimated resources availability, the crops require almost the entire command area. It was also seen that the absence of these resource inputs can significantly influence the irrigation demands and corresponding area allocations (Fig 6(a) and (b) ). In this study, for further computations the availability of each resource input was taken as 120% of the initial estimate.
It was found that the annual amount of irrigation water (599.7 × 10 6 m 3 ), re-estimated at Level-1 for the optimal crop plan, which is to be diverted from Reservoir-1, differs from the proposed amount (635.0 10 6 × m 3 ). The reduction occurs mainly during the wet season, while during the dry season it increases to some extent ( Fig. 6(a) ). The reason seems to be that the total area for the crops of the wet season (i.e. paddy, oilseeds and jowar) has reduced by 8.6% in general and the total area for the crops of the dry season (i.e. cotton, and chillies) has increased by 11.7% (Fig. 6(b) ).
Level-2 optimization at the project level

Evaluation of the reservoir sizes
The evaluation of the capacity of each reservoir is done using the CIDP model as follows:
(a) The basic data preparation: for the CIDP model, values of the return functions (benefit) were assumed in proportion to each reservoir's catchment flows. These were estimated at each site by arranging the monthly catchment flows in ascending order. Unit return values for the controlled inventory were assumed to vary between ranges of 11 to 1 by taking evenly spaced values of the flow percentages between 0 to 100%, by assigning a higher value for a low flow and a smaller value for a high flow. These return values were subsequently also taken as the cost of import of water in the WIDP model. The evaporation losses from the reservoirs were also considered, which were neglected in the project report. A prefeasibility report on the envisaged project had already been prepared by the concerned authority (NWDA 1995), with due consideration given to the geotechnical feasibility in fixing reservoir storages and levels. The proposed live capacities of reservoirs-1, 2 and 3 as per the project report are 185.0, 118.0 and 28.0 × 10 6 m 3 , respectively. The carrying capacity of Tunnel-2 (28.8 m 3 /s, equivalent to 75 × 10 6 m 3 per month) was also specified in the report of the project and the same was adopted for this study. Monthly flow values for the three reservoirs are available from the project report for 26 years from 1970/71 to 1995/96. The evaporation losses in the reservoirs are taken as per evaporation losses observed in Idukki Reservoir in Periyar basin adjacent to Pamba basin (NWDA 1995) . Stedinger et al. (1983) compared and reviewed deterministic, implicitly stochastic and explicitly stochastic based LP reservoir screening models. They found that the implicitly stochastic screening models produce reasonable reservoir designs with release reliabilities near the targets. Implicit stochastic consideration for the water-years' flows has been adopted. In the present study, the same criteria have been incorporated by using water-years' flows of various dependability, i.e. ranging from 5 to 95%. For sizing, three flow conditions were studied for each reservoir initially, i.e. the highest, the lowest and the 75% water-year dependable flow.
For Reservoir-1 the re-estimated monthly irrigation demands obtained at Level-1 were taken as the irrigation diversion requirements. Criteria for selection of the reservoir sizes was based on the amount of deficits in meeting the various water needs, water unutilized (spill) and over-year carryover storage available at the end of the dry season. (b) The trial inter-basin water export policy (WTP1) at Reservoir-2: due to the lack of guidelines about the required water exports from Reservoir-2 to Reservoir-1, a trial water transfer (export) policy is defined by: (i) as far as possible, export the maximum amount of water during the monsoon (wet) season (i.e. from June to September) limited by the conveyance capacity of Tunnel-2 (since the irrigation demands are higher during the wet season), and (ii) as far as possible, export the maximum possible amount of water during the non-monsoon (dry) season (i.e. from October to May), but uniformly in each month, limited by the conveyance capacity of Tunnel-2 (to ensure the maximum possible utilization of the available water). This policy was named WTP1 and was used in the preliminary investigation of the reservoir sizes. (c) The Reservoir-2 planning: it was found from the results that, under all the three flow conditions, the amount of annual water export remains unchanged for the Tunnel-2 capacity of 75 × 10 6 m 3 , even if the capacity of the Reservoir-2 is decreased up to 115.0 × 10 6 m 3 (Table 1 ). This value was considered further for preliminary analysis. Also it was observed that the amount of water export to Reservoir-1 may be expected to increase in the year of the highest flow only, and that too only during wet season by increasing the capacities of Reservoir-2 and Tunnel-2. (d) The Reservoir-3 planning: the results showed ( Table 2 ) that with 28.0 × 10 6 m 3 of the Reservoir-3 capacity, for all the three flow conditions, deficits occur in downstream mandatory water demands below Reservoir-3. However, deficits may be eliminated by increasing the size of the Reservoir-3 (see Table 2 ), but it is not possible due to physical limitations at the site. As per the proposal, deficits in downstream demands at Reservoir-3 are to be met by Reservoir-1 with first priority and the unutilized water at Reservoir-3 during the wet season will be pumped back to Reservoir-1. (e) The Reservoir-1 planning: the total flow available at Reservoir-1 includes its own catchment flow, water exported from Reservoir-2 and water pumped back from Reservoir-3. Total demand at Reservoir-1 includes its irrigation demand plus the water deficits at Reservoir-3.
(i) Results in Table 3 show that in the year of lowest flow, the minimum required capacity of Reservoir-1 to meet its demands fully is 278.0 × 10 6 m 3 . Moreover, over-year carry-over storage at the beginning of the wet season is also 278.0 × 10 6 m 3 . Whereas, with the reduced capacity of the Reservoir-2 of 115.0 × 10 6 m 3 , the required 278 × 10 6 m 3 of over-year carryover storage in Reservoir-1 is achievable only from 336 × 10 6 m 3 of the capacity of Reservoir-1 in the year of highest flow (Table 4 ). Due to physical limitations it is also not possible to increase the size of Reservoir-1, which means, in the year of lowest flow, water demands at Reservoir-1 cannot be met fully. (ii) In the 75% water-year dependable flow, 100.0 × 10 6 m 3 of over-year carry-over storage is required in Reservoir-1 at the beginning of the wet season to meet its demands fully (Table 3) with its minimum capacity of 135.0 × 10 6 m 3 . But, with this reservoir capacity, only 77.0 × 10 6 m 3 of over-year carryover storage can be made available at the end of the dry season in the year of the highest flow (Table 4) , whereas the required 100.0 × 10 6 m 3 of storage is achievable from 158.0 × 10 6 m 3 capacity of Reservoir-1 (Table 4) .
(f) Further modification in Reservoir-2 planning: the capacity of Reservoir-2 was kept at 115 × 10 6 m 3 in the above analysis of Reservoir-1 sizing. Further, modifications were made in the capacity of Reservoir-2 in the context of the modified capacities of Reservoir-1. As evident from Table 1 , even the 52.0 × 10 6 m 3 capacity of Reservoir-2 is sufficient to meet its downstream mandatory requirements fully, and also to export a good amount of water, for all the three flow conditions. With this reservoir capacity and for the 185.0 × 10 6 m 3 capacity of Reservoir-1, overyear carry-over storage of 103.0 × 10 6 m 3 would be made available at the end of the dry season in Reservoir-1, in the year of the highest flow (Table 4 ), whereas a value of 100.0 × 10 6 m 3 of over-year carry-over storage is possible from the 182.0 × 10 6 m 3 capacity of Reservoir-1 (Table 4) . When the capacities of the reservoirs-1 and 2 are 158.0 × 10 6 m 3 and 52.0 × 10 6 m 3 , respectively, over-year carry-over storage that would be made available at the end of the dry season in Reservoir-1 is 76.0 × 10 6 m 3 , in the year of the highest flow. This shows that, if the capacity of Reservoir-2 is decreased then it would not be possible to decrease the capacity of Reservoir-1. Therefore, a combination of the reservoir capacities of 158.0 × 10 6 m 3 and 72 × 10 6 m 3 of reservoirs-1 and 2, respectively would provide 100.0 × 10 6 m 3 of over-year carry-over storage at the end of the dry season in Reservoir-1, in the year of the highest flow.
Finally, the set of reservoir sizes obtained through the above analysis, i.e. 158, 72 and 28 × 10 6 m 3 for the reservoirs-1, 2 and 3, respectively, are referred to as the modified capacities in further discussions, while the values of the reservoir capacities as per the project, i.e. 185, 118 and 28 × 10 6 m 3 for the reservoirs-1, 2 and 3, respectively, are referred to as the proposed capacities.
The inter-basin water transfer (export) policy at Reservoir-2
The following steps were performed while deriving the inter-basin water transfer (export) policy at the Reservoir-2: . Bold column entries present cases with over-year carry-over storage~100 × 10 6 m 3 in Reservoir-1 at the end of the dry season.
(a) Two more inter-basin water export policies at Reservoir-2, i.e. WTP2 and WTP3, were defined to study their effect on irrigation deficit at Reservoir-1.
(i) The WTP2 was intended to see the effect of over-year carry-over storage that would be available at the end of the dry season in a year in the exporting Reservoir-2, on the amount of water in the following season. For this, no water is exported during the dry season, so that some over-year carry-over storage may be developed at the end of the dry season in the exporting Reservoir-2. The WTP2 for Reservoir-2 was defined by: (1) export the maximum amount of water as far as possible during the wet season subject to the capacity of the Tunnel-2, and (2) no water is to be exported during the dry season so as to make available some over-year carry-over storage at the end of the dry season in Reservoir-2. (ii) The WTP3 was mainly based on the guidelines obtained from the WIDP model. Results of the WIDP for Reservoir-1 showed that there is no need to import water to reservoir-1 from reservoir-2 in the months of October to December under any of the three defined flow conditions (Fig. 7) . The WTP3 was therefore defined by: (1) export the maximum amount of water as far as possible during the wet season, subject to the capacity of Tunnel-2, and (2) no water is to be exported in the initial period from October to December during the dry season, and the maximum amount of water is to be exported uniformly as far as possible in the rest of the periods from January to May during the dry season.
(b) For comparison of performances of the three water export policies: the annual and monthly deficits in irrigation, amount of water unutilized annually from Reservoir-1, effect of over-year carry-over storage and the percent dependability of the project for irrigation were analysed. Results were obtained for both proposed (185.0 × 10 6 m 3 ) and modified (158.0 × 10 6 m 3 ) capacities of Reservoir-1. However, the capacities of reservoirs-2 and 3 were kept as 72.0 × 10 6 m 3 and 28.0 × 10 6 m 3 , respectively. Implicit stochastic consideration for the water-years' (i.e. June to May) flows has been adopted. Nine flows of water-years' dependability ranging from 5 to 95% were used. These were derived from the flowduration analysis of the water-years' flows. For the model computations monthly time periods were employed. Finally, the selected water export policy was also compared with the water export policy obtained through simulation.
(i) Annual deficits in irrigation were found to be zero for each of the water export policies for the flows, from the highest annual flow up to the years of 45% water-year dependable flow, for the proposed and modified capacities of Reservoir-1 (Fig. 8(a) ). Further, annual irrigation deficits obtained with the WTP3 were found to be very close to those obtained with the WTP1, for the flows from 50% water-year dependable flow up to the year of the lowest flow for each of the proposed and modified capacities. However, the WTP2 showed higher deficits in comparison to the other two water export policies in each case. With the modified capacity, the WTP1 and WTP3 have shown equal annual deficits in irrigation to those with the proposed capacity. While the WTP2, with the modified capacity of Reservoir-1, shows slightly higher deficits for the 50% and 60% water-year dependable flows as compared to the proposed capacity, for rest of the flows, i.e. from the 75% water-year dependable flow up to the year of the lowest flow, deficits remain the same for the proposed and modified capacities of Reservoir-1 (Fig. 8(a) ). These results also show that for each of the flow conditions, and with WTP1 and WTP3, results for the proposed and modified capacities are very close. (ii) Variation of monthly irrigation deficits in percentage of frequency for each of the flow conditions studied is plotted in Fig. 8(b) .
Frequencies from June to August are same for each of the water export policies. In the rest of the months no deficit occurs with WTP3. However, WTP1 results in lower frequencies in September and May, and WTP2 results in higher frequencies in September and May. This demonstrates that WTP3 performs slightly better than the other water export policies, especially in meeting irrigation demands in the dry season. In other words, for reducing irrigation deficits it is advisable to export water from Reservoir-2 to Reservoir-1 during the dry season, rather than storing it to develop over-year carry-over storage at the end of the dry season. The amount of water unutilized annually was found to be greater for WTP1 as compared to the other water export policies, for both the proposed and modified capacities of Reservoir-1, while, with WTP2 and WTP3, the amount of water unutilized annually was almost the same. deficits were 47.3, 43.9 and 3.3 × 10 6 m 3 for WTP1, WTP2 and WTP3, respectively. These results showed that the 45% annual dependability of the project could be achieved by all the water export policies. Annual project dependability of 50% for irrigation could be achieved by increasing capacity of Reservoir-1 up to about 206 × 10 6 m 3 for WTP1 and WTP2. However, with WTP3, nearly 50% annual project dependability could be expected with the modified capacity, i.e. 158.0 × 10 6 m 3 . This further shows the better performance of WTP3. (d) To further examine the performance of WTP3, the results were compared with simulation for the modified reservoir capacities. It was found that average annual amounts of water exported from Reservoir-2 to Reservoir-1 are 275.85 and 277.28 × 10 6 m 3 from WTP3 and simulation, respectively. Variations of average monthly amount of water exports from Reservoir-2 to Reservoir-1 are plotted in Fig. 9(a) . Clearly, the downstream demands at Reservoir-2 are met fully with WTP3, while average annual deficit in the downstream demand of Reservoir-2 is 11.19 × 10 6 m 3 from simulation. Average monthly distribution of deficits at Reservoir-2 is shown in Fig. 9(b) . Further, average annual deficit in irrigation demands with WTP3 and simulation were 57.5 and 54.97 × 10 6 m 3 , respectively. Average monthly deficits in irrigation demand and percentage of frequency of monthly deficits for the WTP3 and simulation are plotted in Fig. 9(c) . Deficit at Reservoir-3 through simulation and WTP3 are compared in Fig. 9(d) . The amount of average annual unutilized water at Reservoir-1 obtained through simulation was 174.13 × 10 6 m 3 and with WTP3 it was 147.19 × 10 6 m 3 . Comparison of WTP3 with the simulation study also showed that using the WTP3 policy for water export, a better utilization of surplus water available at Reservoir-2 can be made, especially to reduce irrigation deficit at Reservoir-1 in the dry season. continuity equations of the three reservoirs given by equations (27) to (31), respectively. The DP based multi-reservoir operation model is formulated following the diversion policies as proposed in the project report (NWDA 1995) and is solved using the DPSA (Larson 1968a (Larson , 1968b approach. Derivation of a reservoir operation policy using the DPSA is a trial-anderror approach, and essentially requires a nominal initial trajectory of the state and decision variables, to arrive at the final resulting optimal policy, through iterations. A limitation of the procedure is that the global optimal solution depends upon the initial trajectory chosen. However, it is reported (Giles and Wunderlich 1981) that the solution obtained is a true optimal solution and if the initial policy assumed is near to the optimal policy then the process may give the global optimal solution. In contrast to DPSA, in an LP model there would be no requirement of an initial trajectory of reservoir operation policy. This is because it is indirectly inbuilt in the model itself in terms of the decision variables of reservoir storages and releases, and is obtained directly from the model results. But, on the other hand, the LP modelling approach lacks consideration of nonlinearity.
The following procedure was followed for integrated reservoir operation:
(a) Initial policies adopted: In this study an attempt is made towards finding ways and means to suggest procedures for estimating efficient initial trajectories required for the DPSA so that the optimal solution reached would be better than the initial policies chosen, and the iterative process should terminate at a smaller number of iterations. Two different initial operating policies required for the DPSA process were obtained from independent operations of each reservoir through the CODP and CIDP models, and these policies were referred to as Ipo and Ipi, respectively. The CODP model was used to solve each one-dimensional sub-problem within the DPSA procedure using Ipo and Ipi as the initial trajectories. (b) Flow conditions adopted: Integrated reservoir operation results were obtained for the following three flow conditions: 75% water-year dependable flow (a normal water-year), 90% water-year dependable flow (a deficit water year) and 50% water year dependable flow (a surplus water year), with the proposed and the modified sets of reservoir capacities.
4.3.1.1 Results of multi-reservoir operation.
(1) Integrated operation with the proposed reservoir capacities showed no difference in the number of iterations to arrive at the optimal policies using both Ipo and Ipi. However, annual irrigation deficit using Ipi was comparatively smaller than those of Ipo (Table 5) . (2) The annual amount of water exports from Reservoir-2 to Reservoir-1 was also the same with either of the initial policies; nevertheless, the monthly pattern differs, and using the Ipi, water export from Reservoir-2 to Reservoir-1 is slightly closer to WTP3 (see Fig. 10 , results are presented for 50% water-year dependable flow). This shows that, for the system under consideration, Ipi performed slightly better than Ipo in the integratedreservoir operation in each case (Table 5 ).
-It was also seen that large differences were not found in operation results with the proposed and modified capacities using the Ipi, which confirms the earlier finding that, as far as irrigation is concerned, the modified reservoir capacities are sufficient. Therefore, further computations at the Level-3 were done only with the modified capacities. -As mentioned earlier, the CODP model was used within the DPSA procedure and it was seen that maintaining bounds on all the decision variables at the same time was a difficult task. It is expected that, if the CIDP model were used within the DPSA algorithm, better results could be obtained with fewer computational efforts. This is because in the CIDP model, actual target releases that can be met are known, and are obtained by trials during model runs at the planning stage itself, so they can act as bounds on the decision variables during joint operation. In this way, WTP3 could easily be followed in the joint operation problem.
Distribution of irrigation water through the canal network at Reservoir-1
Proper distribution of the available irrigation water to different users located on the canal for managing irrigation water at Reservoir-1: the WDDP model was used with an objective to minimize water losses through seepage and evaporation. It was assumed that at least one unit of discharge (equal to the discrete increment used in DP) is to be allocated to each of the outlets, thus forming a lower bound for each allocation. The canal and flow parameters in the canal network vary widely; therefore, for a lower discharge in a canal reach, total flow losses might exceed the minimum gross diversion discharge defined by the discrete increment chosen for the discharge (the state variable) in the DP calculations. To avoid this, as explained in Section 2, the newly defined canal subreaches were grouped so that the minimum gross diversion discharge exceeds the maximum water loss occurring in the grouped sub-reaches in the canal. Therefore, each set of grouped sub-reaches would configure themselves before a diversion outlet (these were then designated by a reach number, as defined previously), totalling three reaches, Reach-I, Reach-II and Reach-III. For calculation of the seepage losses, a constant seepage depth equal to 0.5 m was adopted for all the canal reaches. The results are presented here only for Reach-I for the deficit months, i.e. June, July and August, during which the water supply may vary (Table 6 ). The results show that the priority of water allocation to diversions at the various reaches could be changed by adjusting the value of the seepage depth ( Fig. 11(a) ), or else the weak reaches needing canal lining could be identified.
The supply variability (water available) and the irrigation diversion levels (demands) have also shown significant influences on the optimal water allocations ( Fig. 11(b) ). Further, the optimal allocation of water was also worked out for various incremental discharges (Table 6 ). These allocations may serve as ready reckoned for the operation of the canals at various discharge levels during field applications. The variation in the water allocations due to the supply variability is evident from Table 6 too, and another reason for this variation is that the allocation is the function of the amount of water losses in the individual canal reach.
Re-estimation of the crop plan at Reservoir-1
The irrigation water required for the crops may not be available at times as per the planned irrigation water demands; this may happen due to either insufficient water in the canal, or the substantial conveyance losses before it is delivered to the crops. Consequently, the crop plan needs revision under deficit conditions. Therefore, at Level-3, revised crop plans are derived herein for Reach-I, where higher water losses were found. The water availability in Reach-I for the 75%, 90% and 50% water-year dependable flows was available from the canal water allocation (WDDP) model discussed above (Fig. 11(b) ).
The re-estimated cropping pattern at Level-3 was compared with the proposed crop plan as per the project and in addition to the crop plan re-estimated at Level-1 which was used to determine the optimal irrigation water diversion requirements at the planning stage; these results are presented in Fig. 12 crop areas at Level-1, while an increase of 3.87 and 14.9% is noticed in the paddy and jowar. (b) For the 75% water-year dependable flow, the paddy, oilseeds, jowar, vegetables and bajra crops are entirely removed from the revised cropping pattern. The reason is that the crop period of these crops lies between May and September (where June and August are highly water short), except for bajra, for which the crop season is March-June. This shows that the minimum food grain requirement cannot be met for this flow condition. An overall area reduction of 65.57% was observed in comparison to the proposed and re-estimated irrigation areas at Level-1. A reduction of 66.77% in the crop areas is found for the pulses as compared to the crop areas in the project proposal and those re-estimated at Level-1. The crop areas of cotton and chillies showed 4.78 and 16.66% reduction, respectively, in comparison to the crop areas re-estimated at the Level-1. These results imply that to get the 75% annual project dependability the crop plan should be revised, either by changing the crop area allocations or the number of crops. (c) Similar results were obtained for the 90% wateryear dependable flow, with an overall crop area reduction of 68.19% as compared to the project proposal and that re-estimated at Level-1. The paddy, oilseeds, vegetables and pulses were removed from the crop plan. A reduction of 87.68 and 87.11% for the jowar and bajra, respectively, is observed from the project proposal and that re-estimated at Level-1. In this case too, it can be noticed that the minimum food grain requirements cannot be met. The area allocated to the cotton and chillies crops is also reduced by 4.78 and 16.66%, respectively, as compared to the crop area allocations at Level-1.
Summary of findings
Application of a set of linked (nested) models is presented to provide a useful strategy to evaluate various aspects of multi-level planning and operation of a water transfer link using LP and DP optimization techniques. For this, the proposed Pamba-AchankovilVaippar (PAV) water transfer link in India was chosen.
The findings of the present study are summarized below at different levels of optimization. At Level-1, i.e. at the field level at Reservoir-1, the LP crop planning model was applied. It determined the optimum amount of water that would be required for irrigation water diversions under the constraints of certain given additional resources. It was therefore assumed that the water resource is unknown, and the projection of water requirement was thus achieved for an optimal crop plan. For this optimal crop plan, the re-estimated annual irrigation water requirement decreases in comparison to the project report's values which were based on the climatological approach. The total cropped area reduced by 8.6%. However, the total areas for the crops in the dry season increased by 11.7%, which shows more efficient use of water in the dry season. Further, the additional resource inputs showed significant influence on the irrigation demands and corresponding crop area allocations.
At Level-2, WIDP, the DP based water-import model, guided the formulation of the water export (transfer) policy WTP3 to export water from Reservoir-2 to Reservoir-1. The WTP3 allows for: (a) maximum export of water in the wet season, and (b) during the dry season: (i) no export of water in the initial period from October to December and (ii) maximum uniform amount of water export from January to May. With WTP3 policy, a better utilization of surplus water available at Reservoir-2 can be made, especially to reduce irrigation deficit at Reservoir-1 in the dry season. Simulation also confirmed the same, and WTP3 was found to be the most appropriate transfer policy. It may be inferred that any water transfer policy should always be followed after the import requirements are first established at the import point. The Tunnel-2 capacity of 28.8 m 3 /s is found desirable.
For sizing of the three reservoir capacities, the CIDP model was explored. It suggests that the proposed capacities of reservoirs-1 and 2 may be reduced by 15% and 39%, respectively. But, retaining Reservoir-1's project-proposed capacity would enhance hydropower generation and also conserve more water that would otherwise spill to other reservoirs. At this reservoir, full irrigation potential would be achievable only during the water-year flows of 50% exceedence, or else for improvements, a change in the cropping pattern is suggested, preferably in the wet season. But, to meet the irrigation water demands fully at this reservoir during a normal water year, availability of over-year carry-over storage at the beginning of the wet season would be essential. This extra storage required at the start of the normal water year would normally be available if it is preceded by high flow water years. Reservoir-2 would not witness any shortfall in meeting its downstream mandatory water needs, but, Reservoir-3 would always face deficit conditions for its downstream mandatory water demands, so its storage capacity needs enhancement for storing the pumped water.
At Level-3, the multi-reservoir operation was carried out with the help of the DPSA approach. For the iterative joint operation process to start, two initial trajectories, i.e. the CODP model based Ipo and the Ipi based on the CIDP model, were chosen. Further iterations during the joint operation process were made through the CODP model within the DPSA process. The joint operation results showed that: (a) Ipi performed slightly better than Ipo as the initial trajectory, (b) adoption of CIDP instead of CODP within the DPSA approach could possibly arrive at better solutions, and (c) for irrigation, the modified sets of reservoir capacities may be just sufficient.
In general, otherwise, situations where determination of actual demand to be met is essential, CIDP is more helpful. In addition, the CIDP model is less intricate to formulate. Otherwise, if identifying reservoir releases is more vital, using the CODP is handier (Srivastava and Awchi 2009) .
Further, the irrigation water optimally released at Reservoir-1 through the above joint operation was optimally distributed (allocated) to the various users situated at different reaches of the canal. This was achieved through the use of the DP based WDDP model. The canal conveyance losses through seepage and evaporation were given due weight in the process. To facilitate the canal operator during its operation, various water allocations presented in tabular forms would act as ready reckoned. The results showed that Reach-I of the canal would most likely suffer more water shortages due to the high seepage losses during low flow years. Therefore, a change in the crop plan would be preferred in this reach. In other words, this method of canal water distribution can be useful in prioritizing the allocations at different diversions and identifying week canal reaches in terms of their efficiency.
The re-estimated crop plan showed that, during water deficit and normal years the total cropped area may be reduced to a large extent, thereby the wet season crops (paddy, oilseeds, vegetables, bajra and possibly jowar) are likely to suffer the most; a surplus water year would witness full occupation of the total cultivable area.
Conclusions
The study conducted is an effort in analysing various aspects of multi-level planning and operation of a water transfer link using systems analysis techniques with the help of a set of linked optimization models, where output from one model solution may form input for another model's solution in tandem. The DP modelling approach is found useful in deriving optimal water-import requirements and optimal water-transfer policy at the reservoirs. Water-export policy can be derived based on the information obtained from the DP based water-import model. Optimal water allocations at diversions on the irrigation canal network could also be achieved effectively using a DP model. For a water resources system involving several planning aspects, adopting a multi-level planning approach, with the lumped models, it is possible to produce the system's behavioural features with more flexibility, reality and ease. Each lumped individual model has a capability of simulation; use of a single model may lack this. The proposed modelling approach through linked models presented here is one suggested strategy for planning of a water transfer link, to investigate and evaluate its performance for its feasibility. The linked models were found effective for planning water transfers.
